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FRSSHUEURQ]H WKH SDLU RI VWHHODOXPLQXP FRXOG EH DSSOLHG DV DGDSWHUV LQ R[\JHQ UHJHQHUDWRUV RU DV GHWDLOV RI
HOHFWURO\WLFUHILQLQJHTXLSPHQWKLJKFRUURVLRQUHVLVWDQFHRIDOXPLQLXP6RPHRIWKHH[DPSOHVDUHSUHVHQWHGLQWKH
SUHYLRXVZRUNV>@
&KRLHWDO>@VKRZHGWKHVWHHOQLFNHOSDUWVXVHGLQOLJKWZDWHUUHDFWRUVWRFRQQHFWYHVVHODQGJHQHUDWRUQR]]OHVWR
WKH UHDFWRUFRPSRQHQWV5DPNXPDUHWDO >@ LQYHVWLJDWHGD*7$ZHOGLQJRI WKHQLFNHO VXSHUDOOR\DQG66IRU
KLJKWHPSHUDWXUHDQGFRUURVLYHHQYLURQPHQWVDSSOLFDWLRQVVXFKDVSRZHUSODQWVDQGDOVRVWXGLHGWKHZHOGDELOLW\RI
,QFRQHO  DQG $,6, / >@ 0DODNKRY HW DO >@ VWXGLHG WKH H[SORVLRQ ZHOG RI QLFNHO DQG VWHHO SODWHV IRU
DSSOLFDWLRQZLWKKLJKWHPSHUDWXUHDQGKLJKHURVLRQORDGLQJDVWXUELQHV
,Q WKLV SDSHU WKH VWDLQOHVV VWHHO DQG QLFNHO DOOR\ ZDV FKRVHQ EHFDXVH RI VSHFLILF SURSHUWLHV RI HDFKPDWHULDO
FRUURVLRQUHVLVWDQFHRIVWUXFWXUDOVWHHODQGKLJKWHPSHUDWXUHVWUHQJWKRIQLFNHODOOR\7KHGHILQLWHSDUWLVF\OLQGULFDO
PPVROHQRLGYDOYHFRQVLVWHGRIVRIWPDJQHWLFDOOR\FRUHDQGV\PPHWULFDOO\ORFDWHGLQWUDQVYHUVDOGLUHFWLRQVWHHO
DQGQLFNHOHOHPHQWV7KHSDUWLVRSHUDWHGLQFRUURVLRQKLJKWHPSHUDWXUHHQYLURQPHQW7KHPDLQJRDOLVWRHOLPLQDWH
WKH EUD]LQJ SURFHGXUHV DQG WKH UHODWHG PHFKDQLFDO HGJH SUHSDUDWLRQ ,Q WKLV UHJDUG WKH PXOWLPDWHULDO DGGLWLYH
PDQXIDFWXULQJZDVLQYROYHG
7KHUHDUHVRPHUHVHDUFKHVRQWKHPXOWLPDWHULDODGGLWLYHPDQXIDFWXULQJ)RUH[DPSOH/LXHWDO>@VKRZHGWKH
6HOHFWLYH ODVHUPHOWLQJ RI VWHHOFRSSHU ELPHWDOOLF REMHFWV 7KH DXWKRUV DFKLHYHG YHU\ JRRGPHWDOOXUJLFDO ERQGLQJ
HYHQ WKRXJK WKH\PDNH DQ LPSRUWDQW QRWHDERXW VRPH WHFKQRORJLFDO SUREOHPVDQG VWURQJQHHGRI FRUUHFW SURFHVV
SDUDPHWHUV %HDO HW DO >@ DSSOLHG WKH PXOWLPDWHULDO PDQXIDFWXULQJ E\ VHOHFWLYH ODVHU PHOWLQJ WR SURGXFH
IXQFWLRQDOO\JUDGHGPDWHULDOVLQ;<SODQHXVLQJVSHFLILFSRZGHUKRSSHU7KHDXWKRUVLQYHVWLJDWHWKHPDQXIDFWXULQJ
SURFHVVRILQMHFWLRQPRXOGPDGHIURP+VWHHODQGFRSSHU<DNRYOHYHWDO>@DQG0XOOHUHWDO>@VWXGLHGWKH
PXOWLPDWHULDOODVHUFODGGLQJRIVWHHO/DQG&REDVHVXSHUDOOR\IURPSUDFWLFDODQGWKHRUHWLFSRLQWRIYLHZ0XOWL
PDWHULDO REMHFWPDQXIDFWXULQJZLOOPHHW WKH SUREOHPVZLWK JHRPHWU\ GLIIHUHQW OD\HU WKLFNQHVV IRU HDFKPDWHULDO
QHHGVRIWDNLQJLQWRDFFRXQWWKHGLIIHUHQFHLQWKHUPDODQGSK\VLFDOSURSHUWLHV'LIIHUHQWDVSHFWVRISDUDPHWULFVWXGLHV
RI WKH ODVHU FODGGLQJZDV LQYHVWLJDWHGSUHYLRXVO\ >@ WKH H[SHULHQFHRISRZGHUJDV IORZDQGSUHKHDWLQJZDV
VKRZHGLQ>@*XVDURYHWDO>@VKRZHGWKHQHHGRILQSXWSRZHUFRQWUROWRDYRLGDGGLWLRQDOUHVLGXDOVWUHVVHV
7KHPDMRU JRDO RI WKH SUHVHQW VWXG\ ZDV WR LQYHVWLJDWH RI WKH ODVHUPDWWHU LQWHUDFWLRQ SURFHVV XVLQJ GLIIHUHQW
DSSURDFKHV)RU WKHVWXG\ WZRSRZGHUV VWDLQOHVVVWHHODQGQLFNHOVXSHUDOOR\RI LQGXVWULDOXVHZHUHDSSOLHG7KH
VXEMHFW ZDV FRQQHFWHG ZLWK WKH GHYHORSLQJ RI RSWLPDO SURFHVV SDUDPHWHUV RI ODVHU FODGGLQJ IRU ERWK VHOHFWHG
PDWHULDOVDQGIDEULFDWLRQRIPXOWLPDWHULDOELPHWDOVDPSOHV7KHLQIOXHQFHRIWKHFODGGLQJSDUDPHWHUVRQWKHWUDFN
JHRPHWU\PLFURVWUXFWXUHVDQGPLFURKDUGQHVVZDVVWXGLHG7KHERXQGDU\HIIHFWRIVPDOORIȝPRI ODVHUEHDP
GLDPHWHU FRPSDUDEOH E\ RUGHURIPDJQLWXGH ZLWK SRZGHU VL]H  ȝP ZDV KLJKOLJKWHG DQG WKH WKHUPRG\QDPLF
FRQGLWLRQVZHUHGHVFULEHG
0DWHULDOVDQGH[SHULPHQWDOSURFHGXUH
2.1. Materials 
7KHVWDLQOHVVVWHHODQGQLFNHOVXSHUDOOR\SRZGHUVPDWHULDOVZHUHXVHGIRUWKHVWXG\7KHVWDLQOHVVVWHHOSRZGHU
35+17ZDVSURGXFHGE\-6&3ROHPD5XVVLDLVDQDXVWHQLWLFVWDLQOHVVVWHHOZLWKXSWRRIFDUERQXS
WR  RI FKURPLXP XS WR  RI QLFNHO DQG XS WR  RI WLWDQLXP VLPLODU WR $,6, VWHHO 7KH HOHPHQW
FRPSRVLWLRQLVSUHVHQWHGLQWKHWDEOH7KHVWDLQOHVVVWHHOSRZGHUIUDFWLRQZDVRI±ȝPILJDZLWKDOPRVW
VSKHULFDOSDUWLFOHVKDSHILJD0HDQSRZGHUSDUWLFOHVL]HZDVȝP6SKHULFDOVKDSHIDFWRURIWKHSDUWLFOHVLV
EDVHGRQ WKHVWDWLVWLFDODQDO\VLV VRIWZDUH 2FFKLR6$%HOJLXPXVLQJ WKHCircularity DQGBluntnessSDUDPHWHUV
7KHPHDVXUHGSRZGHUEXONGHQVLW\ZLWKRXWWDSLQJZDVNJP7KHVWHHOLVZHOOHVWDEOLVKHGLQWKHDSSOLFDWLRQV
ZLWKWHPSHUDWXUHVRI&WR&ZHDNDFLGHQYLURQPHQWXSWR&IRUWKHSDUWVXQGHUSUHVVXUH
7KHQLFNHOSRZGHU+107<X%ZDVSURGXFHGE\-6&9,/65XVVLDLVDKLJKWHPSHUDWXUHQLFNHOVXSHUDOOR\
FRQWDLQVRIFKURPLXPRIPRO\EGHQXPRIWLWDQLXPRIDOXPLQXPGRSHGZLWK
RIQLRELXPDQGRIFHULXP'HWDLOHGHOHPHQWFRPSRVLWLRQLVSUHVHQWHGLQWDEOH7KHJUDQXORPHWU\RIWKH
SRZGHU LV ȝP ILJ E0HDQSRZGHUSDUWLFOH VL]H LV ȝP7KHSRZGHUSUHVHQWV VSKHULFDO VKDSH ILJ E
6SKHULFDOVKDSHIDFWRURIWKHQLFNHOSRZGHUSDUWLFOHVLV7KHPHDVXUHGSRZGHUEXONGHQVLW\ZLWKRXWWDSLQJZDV
NJP7KHW\SLFDOXVHRIQLFNHOVXSHUDOOR\VDUHWKHDSSOLFDWLRQZLWKKLJKWHPSHUDWXUHVDVWXUELQHSDUWV
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7KHJUDQXORPHWULFDQDO\VLVILJRIWKHSRZGHUVZDVFDUULHGRXWE\DQRSWLFDOJUDQXORPRUSKRPHWHU$OSDJD
1DQR 2FFKLR6$%HOJLXPZLWK VWDWLVWLF LPDJH DQDO\VLV VRIWZDUH7KHPRUSKRORJLF DQG HOHPHQW DQDO\VLVZDV
GRQHE\9HJD/0+7HVFDQ&]HFK5HSVFDQQLQJHOHFWURQPLFURVFRSH6(0HTXLSSHGZLWKHQHUJ\GLVSHUVLYH
;UD\PLFURDQDO\VHU;&,7(2[IRUGLQVWUXPHQWV7KHHOHPHQWDQDO\VLVDVLQFRPLQJFRQWUROWDEOHFRQFHUQHG
RQO\KHDY\FRPSRQHQWVVLQFHOLJKWHOHPHQWVVXFKDVFDUERQR[\JHQQLWURJHQHWFFDQQRWEHUHOLDEO\GHWHUPLQHG
XVLQJ(';
 
)LJ*UDQXORPHWU\RIWKHSRZGHUVDVWHHOSRZGHUEQLFNHOSRZGHU )LJ6FKHPHRIWKH'ODVHUFODGGLQJSURFHVV
7KHDUURZVVKRZWKHGLUHFWLRQVRID[LVPRYHPHQW







)LJ6(0PLFURJUDSKVRIWKHSRZGHUVDVWHHOSRZGHUEQLFNHOSRZGHU

7DEOH(OHPHQWFRPSRVLWLRQRIVWDLQOHVVVWHHOSRZGHU
(OHPHQW )H & 6L 0Q 7L &U 1L 6 3 +2
35+17 EDODQFH         
7DEOH(OHPHQWFRPSRVLWLRQRIQLFNHOSRZGHU
(OHPHQW 1L & &U &R 0R $O 7L :
6L
0Q
1E 9 )H 6 3 &X 2 1
+107<X% %DO               
WKHHOHPHQWVGDWDDUHSURYLGHGE\WKHPDQXIDFWXUHU

7KHSRZGHUVZHUHGULHGE\KHDWLQJXSWRq&GXULQJWRKRXUVEHIRUHFODGGLQJ7KHFODGGLQJZDVGRQHRQ
WKHORZFDUERQVWHHO7KHVXEVWUDWHVZHUHFOHDQHGZLWKDOFRKRODQGVDQGEODVWHG
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2.2. Experimental setup 
7KHFODGGLQJZDVGRQHXVLQJ'&1&PDFKLQH7UX&HOO7UXPSI*HUPDQ\HTXLSSHGZLWK<E<$*GLVF
ODVHURI±:RIRXWSXWSRZHUZLWKDZDYHOHQJWKRIQP7KHVSHFLILFODVHUFODGGLQJKHDGZLWKFRD[LDO
SRZGHU IHHGLQJ ILJ ZDVXVHGZLWK PP VWDQGRII GLVWDQFHRI WKHQR]]OH7KHXVHGFKDQHOSRZGHU IHHGLQJ
V\VWHPDOORZVDSSO\LQJWZRSRZGHUVVHTXHQWLDOO\RUVLPXOWDQHRXVO\7KHSRZGHUZDVVXSSOLHGLQWKHZRUNLQJ]RQH
WKURXJKWKHQR]]OHZLWKKHOSRIWKHDUJRQVKLHOGLQJJDVDQGKHOLXPDVWKHFDUU\LQJJDVDWWKHUDWHRIOPLQHDFK
7KH RSWLFDO V\VWHP SURYLGHV ȝPRI IRFXVHG ODVHU VSRW$V WKH SXUSRVHZDV WRPDNH WKH SUHFLVLRQ ODVHU
FODGGLQJIRU'REMHFWVPDQXIDFWXULQJWKHH[SHULPHQWVZHUHGRQHXVLQJȝPGLDPHWHU7KHWUDQVYHUVDOHQHUJ\
GLVWULEXWLRQLQVLGHWKHODVHUEHDPZDVDOPRVW*DXVVLDQ7(0
2.3. Experimental approach 
7KHH[SHULPHQWDOZD\RISURFHVVSDUDPHWHUVRSWLPL]DWLRQZDVFKRVHQDQGWKHH[SHULPHQWDOSODQZDVFRPSRVHG
)LUVW VWHS ZDV WR SURGXFH WKH VLPSOHVW HOHPHQWV RI FODGGLQJ LH VLQJOHWUDFNV 7KH SUHOLPLQDU\ H[SHULPHQW ZDV
FRQGXFWHGZLWKWKHIROORZLQJSDUDPHWHUVVFDQQLQJYHORFLW\RIWRPPPLQWRPPPLQDQGWR
PPPLQIRUDQG:RIODVHUSRZHUUHVSHFWLYHO\7KHSRZGHUIHHGLQJZDVDQGJPLQ
IRUVWHHOSRZGHUDQGDQGJPLQIRUQLFNHOSRZGHU
7KHIROORZLQJH[SHULPHQWVZHUHGRQHWRSUHFLVHWKHRSWLPDOUHJLPHV7KHVHFRQGH[SHULPHQWVZDVGRQHXVLQJ
:RI ODVHUSRZHU±PPPLQDQGDQGJPLQ IRUVWHHODQGDQGJPLQ IRUQLFNHO
SRZGHU6RPHRSWLPL]DWLRQZDVGRQHGXULQJRQHOD\HUDQGPXOWLOD\HUHGREMHFWVFODGGLQJ$GGLWLRQDOH[SHULPHQWV
ZHUHFRQGXFWHGZLWKYHORFLWLHVXSWRPPPLQWKHPD[LPXPSRVVLEOHRQWKHGLVWDQFHRIPPRIWUDFN
)RUWKHIRUPDOL]DWLRQRIWKHRSWLPL]DWLRQSURFHVVWKHFRPELQHGSDUDPHWHUVZHUHXVHGWKHVSHFLILFODVHUHQHUJ\
LQSXW(/-PPVSHFLILFODVHUHQHUJ\(*-JDQGVSHFLILFSRZGHUIHHGLQJ)*JPPHTXDWLRQVZKHUH3LVD
ODVHUSRZHU9LVDVFDQQLQJYHORFLW\DQG*LVDSRZGHUIHHG7KHFRPELQHGSDUDPHWHUVFRXOGVKRZWKHFRUUHODWLRQ
EHWZHHQWKHQXPEHURIWKHSDUDPHWHUVLQIOXHQFHGWKHSURFHVVDQGWKHUHVXOWVRIFODGGLQJ,QWKLVVWXG\WKHVSHFLILF
ODVHUHQHUJ\ LQSXWZDV WR-PPVSHFLILF ODVHUHQHUJ\ WR-J VSHFLILFSRZGHU IHHGLQJZDVÂ WR
ÂJPP

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
7RFRQWUROWKHJHRPHWU\WKHDVSHFWUDWLRFRHIILFLHQW$5ZDVXVHGZKHUHWKH+LVWKHKHLJKWRIWKHVLQJOHWUDFNLQ
FURVVVHFWLRQDQG:LVWKHZLGWKRIWKHVLQJOHWUDFNHTXDWLRQ8VXDOO\DSSURSULDWHDVSHFWUDWLRFRHIILFLHQWLVLQ
WKH UDQJHRI WR WKDW HQVXUH WKHEHVWRQH DIWHU DQRWKHU VLQJOHWUDFN OD\LQJ ,Q WKLV VWXG\ VRPH WUDFNVZHUH
FRQVLGHUHGDVDSSURSULDWHZLWK$5IURPWR
7KHFRHIILFLHQWRIPL[LQJRIFODGGHGPDWHULDOZLWKWKHVXEVWUDWHPDWHULDOZDVFRQVLGHUHGDVLWHTXDWLRQSUHVHQWV
WDNLQJLQWRDFFRXQWWKHDUHDVRIWKHFODG)FODGDQGVXEVWUDWH)VXEV]RQHV7KH)FODG)VXEVLVWKHRYHUDOOYLVLEOHPHOWHG
]RQHLQFOXGLQJDFODGDQGWKHPL[LQJ]RQHLQWKHVXEVWUDWHSDUW

ܣܴ ൌ
ܪሺ݄݄݁݅݃ݐሻ
ܹሺݓ݅݀ݐ݄ሻ
 
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ܨ௦௨௕௦
ܨ௖௟௔ௗ ൅ ܨ௦௨௕௦
ή ͳͲͲΨ 
2.4. Sample characterization 
7RFRQWURO WKHJHRPHWU\DQGVWUXFWXUHRI WKH VDPSOHV WKHPHWDOORJUDSKLF VDPSOHVZHUHSUHSDUHG LQXVXDOZD\
7KH VSHFLPHQV ZHUH VXEMHFWHG WR WKH HWFKLQJ XVLQJ WKH IROORZLQJ VROXWLRQV D )H&O  +&O  HWKDQRO LQ UDWLR
JPOPOEJO\FHURO +12+&O LQYROXPHUDWLR FDFHWLFDFLG +12+&O LQYROXPHUDWLR
WKDWZHUHXVHGIRUERWKPDWHULDOV7KHRSWLFDOPLFURVFRSH2O\PSXV%;-DSDQDQG6(0ZHUHXVHGWR
WKH PHWDOORJUDSKLF DQDO\VLV 7KH HOHPHQW DQDO\VLV RI WKH VDPSOHV ZDV GHWHUPLQHG E\ 6(0('; 7KH KDUGQHVV
DQDO\VLVZDVFRQGXFWHGXVLQJ9LFNHUVKDUGQHVVWHVWHU4$4QHVV$XVWULD
5HVXOWVDQG'LVFXVVLRQ
3.1. Macrostructure 
([SHULPHQWVZHUHFRQGXFWHGLQWKUHHVWHSVLQFOXGLQJSURFHVVSDUDPHWHUVRSWLPL]DWLRQ7KHILUVWVWHSH[SHULPHQW
ZDVWRGHILQHWKHFODGGLQJSURFHVVSDUDPHWHUVOLPLWV7KHQXPEHURIWUDFNVZDVREWDLQHGIRUVWHHOILJDQGQLFNHO
ILJSRZGHUV7KHSUREOHPRIWKHERWKSRZGHUVZDVWKHYHU\ODUJHGLOXWLRQIRUPDQ\SURFHVVSDUDPHWHUV(YHQLI
VFDQQLQJYHORFLW\ZDVYHU\KLJKWKHGLOXWLRQEHFDPHDSUREOHPWKDWFRXOGEHVHHQDWWKHSURFHVVGLDJUDPVIRUVWHHO
ILJDDQGQLFNHOILJESRZGHUV0RUHGHILQLWLYHWKHSUREOHPLVGXHWRWKHKLJKYDOXHRISRZHUGHQVLW\WKDWLV
VWURQJO\GHSHQGHGRQWKHVPDOOEHDPGLDPHWHUDQGWHFKQRORJLFDOLQDELOLW\WRUHGXFHWKHSRZHUORZHUWKDQ:,W
KDV EURXJKW DGGLWLRQDO SUREOHPV RI SDUDPHWHUV RSWLPL]DWLRQ GXH WR WKH QDUURZZLQGRZ RI RSWLPDO WHFKQRORJLFDO
UHJLPHVWKDWFRXOGEHVHHQIURPILJDE7KHOLQHVRQWKHILJDEWUDYHUVHGLIIHUHQW]RQHVRIWUDFNTXDOLW\EHFDXVH
VWDWLVWLFDOO\WKHUHZDVVXFFHVVIXODQGXQVXFFHVVIXOWUDFNVZLWKYHU\VLPLODUSURFHVVSDUDPHWHUV7KHILJXUHVVKRZ
ODUJHUDQJHRISURFHVVSDUDPHWHUVIRUVLQJOHWUDFNSURGXFLQJ)RUERWKPDWHULDOVVRPHWUDFNVZHUHSURGXFHGDWWKH
VFDQQLQJYHORFLWLHVXSPPPLQ
$V WKH ODVHUSRZHUDEVRUELQJ WDNHSODFHGXULQJDERXWSV LQDYHU\ WKLQ DERXWQP VNLQ OD\HU WKH ODVHU
SRZHUKDVWKHKLJKHUYDOXHRILPSRUWDQFHGXULQJWKHSURFHVVLQFRPSDULVRQZLWKWKHVFDQQLQJYHORFLW\DQGSRZGHU
IHHG UDWH FKDUDFWHULVWLF WLPH LV LQ PV 7DNLQJ LQ DFFRXQW WKH IDFW WKDW ZLWK LQFUHDVLQJ RI YHORFLW\ WKH VSHFLILF
SRZGHU IHHGLQJ UHGXFHV LH WKH SRUWLRQ RI WKH HQHUJ\ DEVRUEHG E\ SRZGHU UHGXFHV DQG WKH SRUWLRQ RI HQHUJ\
DEVRUEHGE\VXEVWUDWHLQFUHDVHVKHQFHLWDSSHDUVWKDWKLJKODVHUSRZHULVWKHPDLQUHDVRQRIWKHGLOXWLRQSKHQRPHQD

)LJ2SWLFDOPLFURVFRS\SKRWRVRIDVWDLQOHVVVWHHOWUDFNVDQRWHQRXJKODVHUHQHUJ\EVXFFHVVIXOJHRPHWU\FJUHDWGLOXWLRQ
D3 :9 PPPLQ* JPLQE3 :9 PPPLQ* JPLQF3 :9 PPPLQ* JPLQ
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
)LJ2SWLFDOPLFURVFRS\SKRWRVRIDQLFNHOWUDFNVDQRWHQRXJKODVHUHQHUJ\EVXFFHVVIXOJHRPHWU\FJUHDWGLOXWLRQ
D3 :9 PPPLQ* JPLQE3 :9 PPPLQ* JPLQF3 :9 PPPLQ* JPLQ

,W KDV WR EH XQGHUOLQHG WKDW ZLWK ERWK SRZGHUV VRPH VLQJOH WUDFNV ZHUH VXFFHVVIXOO\ SURGXFHG HYHQ ZLWK
PPPLQRIVFDQQLQJVSHHGDW:DQGDERXWJPLQLHDERXW-J7DNLQJLQWRDFFRXQWWKHGHVFULEHG
DERYH LQIRUPDWLRQ LW FRXOG EH FRQFOXGHG WKDW WKH VFDQQLQJ YHORFLW\ LQGHSHQGHQW UROH )LJ  SUHVHQWV D UDQJH RI
VLQJOHWDFNVSURGXFHGZLWKVWDLQOHVVVWHHOSRZGHUZLWKGLIIHUHQWSURFHVVSDUDPHWHUVWKHH[SHULPHQWVZKHUH(*ZDV
PRUH WKDQ DVZHOO DV VFDQQLQJYHORFLWLHVZDVPRUH WKDQPPPLQZHUH UHMHFWHG7KHSURFHVV SDUDPHWHUV
RSWLPDFRXOGEHFRQVLGHUHGLQWKHUDQJHRIWRPPPLQPDUNHGRQWKHILJXUH,WFRXOGEHFOHDUO\YLVLEOH
WKDWZLWK VLPLODU VSHFLILF ODVHU HQHUJLHV(*WKHPHOWSRROGHFUHDVHZLWK VFDQQLQJYHORFLW\ LQFUHDVLQJ WKDW FRXOGEH
FRQQHFWHGZLWKVSHFLILFSRZGHUIHHGLQJ)*GHFUHDVLQJ7KHWUDFNFURVVVHFWLRQLVVHQVLWLYHWRWKHVFDQQLQJYHORFLW\
FKDQJLQJ,WLVREYLRXVWKDWZLWKWKHVFDQQLQJYHORFLW\FKDQJLQJWKHWKHUPRG\QDPLFFRQGLWLRQVRIWKHSURFHVVYDU\
,QWKLVVWXG\WKHYHU\NQRZQ3HFOHWQXPEHU3HZDVXVHGWRDQDO\]HWKHWKHUPRG\QDPLFFRQGLWLRQVRIWKHSURFHVV
HTXDWLRQ ZKHUH9 LV VFDQQLQJ YHORFLW\ G LV WKH ODVHU EHDP GLDPHWHU DQG Ȥ LV WKH WKHUPDO GLIIXVLYLW\ 3HFOHW
QXPEHUVKRZVWKHUDWLREHWZHHQDGYHFWLYHDQGGLIIXVLYHKHDW WUDQVIHUUDWHV LHVLPSO\EHWZHHQPDVVKHDW WUDQVIHU
PHFKDQLVPDQG WKHUPDOGLIIXVLRQ ,Q WKLVVWXG\ WKHDVVXPSWLRQRISRZGHUPDVV IORZDVDEDVHRIDGYHFWLYHKHDW
WUDQVIHULVXVHG
ܲ݁ ൌ
ܸ ή ݀
߯
 
3UHYLRXVO\*XVDURY>@DQG+RDGOH\ >@XVHG WKH3HFOHWQXPEHU IRU ODVHUDGGLWLYHPDQXIDFWXULQJSURFHVVHV
EXWZLWKRXWFRQVLGHULQJIURPWKHWHFKQRORJLFDOSRLQWRIYLHZ7KHWKHUPDOSK\VLFDOSURSHUWLHVZHUHWDNHQIRUVLPLODU
PDWHULDOVVWDLQOHVVVWHHODQGQLFNHOVXSHUDOOR\W\SH,QFRQHO>@DWWKHWHPSHUDWXUHRI&,W
LVWRQRWHWKDWWKHWKHUPDOGLIIXVLYLW\IRUERWKPDWHULDOVLVVLPLODUPPÂVIRUVWDLQOHVVVWHHODQGPPÂVIRU
QLFNHODOOR\7DEOHDQGSUHVHQWWKH3HFOHWQXPEHUDVDIXQFWLRQRIVFDQQLQJYHORFLW\
7DEOH3HFOHWQXPEHUYVVFDQQLQJYHORFLW\IRUVWDLQOHVVVWHHOSRZGHU
6FDQQLQJYHORFLW\          
3H          
7DEOH3HFOHWQXPEHUYVVFDQQLQJYHORFLW\IRUQLFNHODOOR\SRZGHU
6FDQQLQJYHORFLW\          
3H          

7KHEHVWIRXQGSURFHVVSDUDPHWHUVIURPWKHILJFRUUHVSRQGVWRWKH3HFOHWQXPEHUVIURPWRIRUVWHHO
DQGWRIRUQLFNHODOOR\LHWKHFRQGLWLRQVZKHUHWKHDGYHFWLRQDQGGLIIXVLRQDUHDOPRVWLQWKHEDODQFH/RZ
3HFOHWQXPEHUV OHDGVWRGLIIXVLYHFRQGXFWLYHKHDW WUDQVIHUPHFKDQLVPWKDWDOORZVVXEVWUDWHRUXQGHUOD\HUPHOWLQJ
,QFUHDVHG3HFOHWQXPEHULHWKHDGYHFWLYHKHDWWUDQVIHUPHFKDQLVPGXHWRWKHSRZGHUPRYLQJSUHYHQWVWKHVXEVWUDWH
PHOWLQJ WKDW FRXOG EH FRQVLGHUHG DV ORZ DGKHVLRQ WR WKH VXEVWUDWH RU WR WKH XQGHUOD\HU 2Q WKH RWKHU VLGH WR
HVWLPDWH WKH UHTXLUHG SRZGHU PHOWLQJ SRZHU WKH HTXDWLRQ  FRXOG EH XVHG DV WKH LQLWLDO DSSUR[LPDWLRQ ,Q WKLV
HTXDWLRQLQVWHDGRIPDVVSDUDPHWHUWKHSRZGHUIORZPDVVIHHGUDWHmLVXVHGSURYLGLQJHVWLPDWLRQLQ:DWWV&SLV
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WKHVSHFLILFKHDWRIWKHPDWHULDODQGǻ7LVWKHGLIIHUHQFHEHWZHHQQRUPDODQGPHOWLQJWHPSHUDWXUHV.IRUERWK
VWHHODQGQLFNHOVXSHUDOOR\PDWHULDOV

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)RUWKLVVWXG\WDNLQJLQDFFRXQWWKHHQJLQHHULQJDQDO\VLVRIUHVXOWVLWLVDSSURSULDWHWRXVHWKHVSHFLILFKHDWYDOXH
&SRIPDWHULDODW&7KHVSHFLILFKHDWZDV-ÂJÂ.IRUVWDLQOHVVVWHHODQG-ÂJÂ.IRUQLFNHO
VXSHUDOOR\>@7KHGLOXWLRQKHLJKWD[LVRQWKHILJXUHVZDVLQWHQWLRQDOO\OLPLWHGE\PDVZHOODVWKHODVHU
SRZHUD[LVZDVOLPLWHGE\:WRVKRZWKHGLIIHUHQFHDWORZSRZHUVSHHG7KHILJXUHVVKRZE\;V\PEROV
WKH H[SHULPHQWDO ODVHU SRZHUV DQGPHDVXUHGGLOXWLRQ ]RQHKHLJKW7KH VTXDUHPDUNV VKRZ WKH FDOFXODWHGSRZHUV
ZKLFK DUH W\SLFDOO\ OHVV WKDQ H[SHULPHQWDO YDOXHV 7KH FDOFXODWHG UHVXOWV FRXOG QRW EH GLUHFWO\ FRPSDUHG WR WKH
H[SHULPHQWDORQHVEXWVLQFHWKHFDOFXODWHGDQGUHDOUHVXOWVDUHFRPSDUDEOHE\WKHRUGHUWKHFKRVHQODVHUSRZHUVLH
DQG:LVWKHDSSURSULDWHVROXWLRQ7DNLQJLQDFFRXQWWKHDVVXPSWLRQVKHDWWUDQVIHUSRZGHUFRHIILFLHQWRI
HIILFLHQF\DQGODVHUUDGLDWLRQEHDPDEVRUEDQFHZHUHQRWLQFOXGHGLQWKHFDOFXODWLRQLWFRXOGEHFRQFOXGHGWKDWWKH
HVWLPDWHGFDOFXODWHGYDOXHRISRZHU LVRYHUVL]HG WKDW LVSURYHGE\ WKHH[SHULPHQWDOGDWD0DQ\RIH[SHULPHQWDO
WUDFNVHYHQZLWKPLQLPXPODVHUSRZHUZHUHZLWKJUHDWGLOXWLRQ]RQHWKDWFRXOGEHDWWULEXWHGWRWKHRYHUKHDWLQJ
,QFRQFOXVLRQLWFRXOGEHKLJKOLJKWHGWKDWWKHHQJLQHHULQJDQDO\VLVE\6SHFLILFHQHUJ\LQSXWDQG6SHFLILFSRZGHU
IHHGUDWH6SHFLILFODVHUHQHUJ\DQGVFDQQLQJYHORFLW\3HFOHWQXPEHUDQGWKHUPDOSRZHUFRXOGEHHDVLO\LQWURGXFHG
LQWKHRSWLPL]DWLRQSURFHVVRIODVHUFODGGLQJDVWKHXVHIXODSSURDFK
7KHRSWLPDOSDUDPHWHUVZDVFRQVLGHUHGDVIROORZVDIRUVWHHOSRZGHUWKHVSHFLILFODVHULQSXWRI-PPWKH
VSHFLILFSRZGHUIHHGRIJPPDQGEIRUQLFNHOSRZGHUWKHVSHFLILFODVHULQSXWRI-PPWKHVSHFLILF
SRZGHUIHHGRIJPP
)ROORZLQJH[SHULPHQWVZHUHWRILQGWKHFRUUHFWKDWFKGLVWDQFH7\SLFDOO\WKHòRIVLQJOHWUDFNZLGWKLVDSSO\LQJ
DVWKHKDWFKGLVWDQFH'XULQJWKHVLQJOHOD\HUVDQG'REMHFWVSURFHVVSDUDPHWHUVRSWLPL]DWLRQWKHSDUDPHWHUVZHUH
VOLJKWO\DGMXVWHG7KH ILUVW OD\HU W\SLFDOO\ZDVSURGXFHGZLWKPRUHSRZHU WKDQ WKH VHFRQG OD\HUV WKDW LVQRW
GLUHFWO\FRQQHFWHGZLWKPXOWLPDWHULDOFODGGLQJ)RUERWKSRZGHUVLWZDV:IRUILUVWDQG:IRUVHFRQGOD\HUV

 
)LJ3URFHVVSDUDPHWHUVPDSVIRUVWHHODQGQLFNHOPDWHULDOVDIRUVWDLQOHVVVWHHOEIRUQLFNHO
ź±GLOXWLRQSUREOHP JHRPHWU\LUUHJXODULW\ GLPHQVLRQDVSHFWUDWLR$5SUREOHP VPDOOGLOXWLRQ


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
)LJ7KHSURFHVVPDSZLWKSDUDPHWHUV6SHFLILFODVHUHQHUJ\(*YVVFDQQLQJYHORFLWLHVLOOXVWUDWHGZLWKVLQJOHWUDFNFURVVVHFWLRQV




















)LJ7KHFRPSDULVRQRIHVWLPDWHGSRZHUDQGH[SHULPHQWDOSRZHURIODVHUIRUVWDLQOHVVVWHHOSRZGHU
HVWLPDWHGWKHUPDOSRZHU H[SHULPHQWDOODVHUSRZHUOLQHVWUDFNLQJWKHGLOXWLRQIURPH[SHULPHQWDOYDOXHV


)LJ7KHFRPSDULVRQRIHVWLPDWHGSRZHUDQGH[SHULPHQWDOSRZHURIODVHUIRUQLFNHOVXSHUDOOR\SRZGHU
HVWLPDWHGWKHUPDOSRZHU H[SHULPHQWDOODVHUSRZHUOLQHVWUDFNLQJWKHGLOXWLRQIURPH[SHULPHQWDOYDOXHV
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E
)LJ7KHPDQXIDFWXUHGWKLQ'REMHFWVRIVWHHOQLFNHOELPHWDODZDOOVEF\OLQGHUV


D E
)LJ7KHFURVVVHFWLRQVRIWKHPDQXIDFWXUHG'REMHFWVDOD\HUREMHFWDQGEOD\HUREMHFW

,WLVWRQRWHWKDWWKHW\SLFDOZLGWKRIWUDFNZDVDERXWWRPKHLJKWZDVDERXWWRPIRUWKH
RSWLPDOUHJLPHV6LQFHWKHRSWLPXPVLQJOHWUDFNSURFHVVSDUDPHWHUVZDVFRQVLGHUHGDVDERYHZLWKWKHSRZGHUIHHG
UDWHDVKLJKDVWRJPLQWKHILUVWOD\HUVZHUHSURGXFHGZLWKWKHVHUHJLPHV7KHQRWHGSUREOHPDSSHDUVDVWKHHDFK
VHFRQG VLQJOHWUDFN WKDW ZDV FODGGHG LQ DGMDFHQWZLWK WKH SUHYLRXV RQH KDG WKH JUHDW GLIIHUHQFH IURP WKH LQLWLDO
VLQJOHWUDFN6LQFHWKLVSUREOHPZDVQRWDSSHDUHGGXULQJVLQJOHWUDFNZDOOPDQXIDFWXULQJWKHSUREDEOHH[SODQDWLRQ
FRXOGEHDVIROORZV'XULQJVLQJOHWUDFNPDQXIDFWXULQJVRPHSRZGHUOHDYHVWKHZRUNLQJ]RQHGXHWRWKHJDVIORZ
G\QDPLFV DQG SDUWLFOHV FROOLVLRQV DQG UHERXQGLQJ ,Q FODGGLQJ RI WUDFNV WR HDFK RWKHU WKH SRZGHU SDUWLFOHV FDQ
LQWHUDFWZLWKWKHSUHYLRXVWUDFNVXUIDFHDQGUHWXUQLQWKHZRUNLQJ]RQHVRWKHRYHUDOOTXDQWLW\RISRZGHULQYROYHGLQ
WKHFODGGLQJLQFUHDVHV7KHDSSURSULDWHVROXWLRQZDVWRGHFUHDVHWKHSRZGHUIHHGLQJUDWH
7KLV LQIRUPDWLRQ ZDV XVHG LQ ILQGLQJ RI KDWFK GLVWDQFHV LQ ;< DQG = GLUHFWLRQV 'XULQJ WKH ZRUN VRPH
UHSUHVHQWDWLYHVDPSOHVZHUHPDQXIDFWXUHGILJ
3.2. Special aspects of multi-material cladding 
'XULQJ WKHH[SHULPHQW WKHRSWLPDOKDWFKGLVWDQFHVZHUHGHWHUPLQHGZKHQPDWHULDOVZHUH IXVHG WRHDFKRWKHU
6LQFH WKHVHOHFWHGRSWLPDO WUDFNVRIVWHHODQGQLFNHOZHUHVLPLODU LQJHRPHWULFGLPHQVLRQV WKHUHZDVQRSUREOHP
ZLWK DGMXVWLQJ WKH KHLJKW RI WKH OD\HU )LJ  SUHVHQWV VRPH PLFURSKRWRJUDSKV RI WKH PXOWLPDWHULDO ELPHWDOOLF
VDPSOHV7KHPDLQUHPDLQHGSUREOHPLVWKHFRQQHFWLRQEHWZHHQWKHOD\HUVDQGWUDFNV$VLWFRXOGEHVHHQIURPWKH
ILJDWKHVXUIDFHIODWQHVVRIXQGHUOD\HUSOD\VLPSRUWDQWUROHLQWKHFODGGLQJRIQH[WOD\HUV7KHPLGGOHVWHHOOD\HU
6WDLQOHVVVWHHO
6WDLQOHVVVWHHO
6WDLQOHVVVWHHO
1LFNHOVXSHUDOOR\
1LFNHOVXSHUDOOR\ 1LFNHOVXSHUDOOR\
1LFNHOVXSHUDOOR\
6WDLQOHVVVWHHO
1LFNHOVXSHUDOOR\
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UHSHDWV WKH VXUIDFH XQHYHQQHVVHV 7KH VXUIDFH LV PRUH IODW DW WKH ILJ E 7KH DSSHDULQJ SUREOHP LV WKH
PLFURVWUXFWXUDOLPSHUIHFWLRQVRIIXVLQJEHWZHHQWKHVWHHODQGWRSQLFNHOOD\HUV7KLVOHDGVWRQHHGRIDGMXVWLQJWKH
FODGGLQJ SDUDPHWHUV ZLWK FRQVLGHUDWLRQ RI XQGHUOD\HUPDWHULDO GXH WR DSSDUHQWO\ GLIIHUHQFH LQ WKHUPDOSK\VLFDO
SURSHUWLHV
7KHRWKHU RXWFRPH IURP WKH ILJ E LV WKDW WKHUH LV QHHG WR FRQWURO WKH KDWFKGLVWDQFH EHWZHHQ WKH VWHHO DQG
QLFNHOSDUWDVZHOODVWKHVWDUWSRLQWRIWKHIROORZLQJFODGGHGPDWHULDO7KHGLVFRQWLQXLW\IODZEHWZHHQWKHVHFRQG
OD\HURIVWHHODQGDGMDFHQWQLFNHOOD\HUFRXOGEHWKHUHVXOWRIQRQRSWLPDOKDWFKGLVWDQFH
)RU WKHZDOO VDPSOHV WKHRYHUKHDWLQJ DW WKH ODVW OD\HUVZDVQRWHG7KHHYLGHQW UHDVRQ LV WKH FKDQJHG WKHUPDO
SURSHUWLHV DQG FRQGLWLRQVRI ODVHU FODGGLQJGXULQJ WKH SURFHVV7KH UHDVRQDEOH DFWLRQ LV WRGHFUHDVLQJ WKH HQHUJ\
LQSXWRIWKHPDQXIDFWXULQJRIXSSHUOD\HUVDQGOHWWKHPDWHULDOWRFRROLQJGRZQXVLQJPRUHGZHOOWLPHEHWZHHQWKH
OD\HUV PDQXIDFWXULQJ 3RVVLEOH VROXWLRQ LV WR FKDQJH WKH SURFHVV SDUDPHWHUV WRPDNH IDVWHU ODVHU FODGGLQJ XVLQJ
WRPPLQDQGPRUHEXWHYHQZLWK:RIODVHUSRZHUPPPLQRIVFDQQLQJYHORFLW\DQGWRJPLQWKH
WUDFNDSSHDUV LUUHJXODUDQGXQVWDEOH LQ ORQJLWXGLQDOGLUHFWLRQ7KHRWKHUVROXWLRQ LV WRXVH WKHSXOVHSHULRGLF ODVHU
UHJLPH WR SUHFLVH HQHUJ\ FRQWURO 7KH ERWK VROXWLRQV UHTXLUH FRQGXFWLQJ WKH DGGLWLRQDO VWXGLHV 7KH PLQLPXP
DFKLHYHGWKLFNQHVVRI WKHZDOOZDV±PREWDLQHGE\RSWLFDOPLFURVFRS\RI WKHWUDQVYHUVDOVHFWLRQDQG
DERXWPPE\GLUHFWPHDVXUHPHQW
7KHF\OLQGULFDOZDOOVILJEZHUHPDGHE\VLQJOHWUDFNV7KHLQVWDELOLW\RIWKHVLQJOHWUDFNGLUHFWO\LQIOXHQFHV
WKH PRUSKRORJ\ RI WKH XSSHU OD\HU WKDW ZDV LQGLFDWHG E\ WKH ZDYHVWUXFWXUH ILJ E XSSHU F\OLQGHU 7KH
UHDVRQDEOH VROXWLRQ LV WR ILQGPRUH VWDEOH FRQGLWLRQV RIPDQXIDFWXULQJ DQGPDNH DQ DQJXODU KDWFK GXULQJ OD\HU
PDQXIDFWXULQJWRDYRLGDV\VWHPDWLFHUURU
3.3. Microstructures 
7KH WUDQVYHUVDO VHFWLRQV RI WKH VDPSOHVZHUH VWXGLHG E\PHWDOORJUDSKLF DQDO\VLV  $OO HWFKLQJ VROXWLRQVZHUH
DSSOLHGWRWKHFODGGHGPDWHULDOVZLWKGLIIHUHQWVXFFHVV7KHORZFDUERQVWHHOVXEVWUDWHZDVHWFKHGYHU\TXLFNO\EXW
WKHFODGGHGVWDLQOHVVVWHHOQHHGVDERXWVRPHPLQXWHVWRGLVVROYHWKHR[LGHOD\HURISDVVLYDWLRQ7KHUHVXOWVFRXOGEH
VHHQ RQ WKH ILJ  7KH EULJKW ILHOGPLFURJUDSK VKRZV WKH JUDLQ VWUXFWXUH DQG GDUN ILHOGPLFURJUDSK VKRZV WKH
VXEJUDLQVWUXFWXUH)LJDUHSUHVHQWVWKHJUDLQVL]HRIDERXWWRPWKDWLVW\SLFDOIRUWKLVW\SHRIVWHHO7KH
VWDLQOHVVVWHHOPDWHULDOUHSUHVHQWVDSSDUHQWO\DXVWHQLWLFVWUXFWXUHZLWKFROXPQDUXQLD[LDOGHQGULWHVZLWKFKDUDFWHULVWLF
GLPHQVLRQVRIPHORQJDWHGLQWKHPD[LPXPFRROLQJKHDWIOX[GLUHFWLRQILJE

)LJ7KHPLFURVWUXFWXUHRIVWDLQOHVVVWHHOVDPSOHDLQEULJKWILHOGDQGELQGDUNILHOG

7KHGDUNILHOGRSWLFDOPLFURVFRS\DOORZHGUHYHDOLQJWKHJUDLQERXQGDULHVDQGVXEJUDLQVWUXFWXUHRIQLFNHOEDVH
PDWHULDOILJD7KHQLFNHOVXSHUDOOR\PDWHULDODSSDUHQWO\UHSUHVHQWVȖVROLGVROXWLRQLQILQHGHQGULWLFVWUXFWXUH
ZLWK WKH FKDUDFWHULVWLF GLPHQVLRQVRI  WRP ILJ  DE7KHPRUH FRQWUDVW LPDJHZDV IRXQGXVLQJREOLTXH
LOOXPLQDWLRQWKDWDOORZVLQYHVWLJDWLQJWKHVXUIDFHPRUSKRORJ\ILJEF7KHVXEJUDLQVWUXFWXUHZDVLQYHVWLJDWHG
DQGWKHGHQGULWLFVWUXFWXUHFRXOGEHVHHQPRUHFOHDUO\7KHVXEJUDLQVWUXFWXUHRIQLFNHODOOR\LVVOLJKWO\JUHDWHUWKDQ
LQLQWHUIDFH]RQHILJEF
'DUNILHOG

%ULJKWILHOG
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
)LJ7KHRSWLFDOPLFURVFRS\SKRWRVLQDGDUNILHOGDQGEREOLTXHLOOXPLQDWLRQRIQLFNHOVXSHUDOOR\DQGFLQWHUIDFHEHWZHHQQLFNHODQG
VWHHOOD\HULQREOLTXHLOOXPLQDWLRQ
7KH PDWHULDOV UHSUHVHQW W\SLFDO OD\HUHG VWUXFWXUH ILJ D 7KH PHWDOOXUJLFDO ERQGLQJ EHWZHHQ WKH OD\HUV LV
DVVXUHGE\PHOWLQJDSRUWLRQRIERWWRPPDWHULDOVXEVWUDWHRUERWWRPOD\HU%\WKHH[SHULHQFH WKHZHOGDELOLW\RI
VWHHODQGQLFNHOLVJRRG7\SLFDOO\WKHERWWRPOD\HUVZDVH[SRVHGWRWKHKHDWIOX[RIWKHFODGGHGXSSHUOD\HUZLWK
WKHPHOWLQJ DQG KHDWLQJ WKDW OHDGV WR KHDW WUHDWPHQW RIPDWHULDO ,W LV DSSHDU WKDW WKLV NLQG RI VWHHO UHKHDWLQJ LV
VLPLODUWRWKHODVHUTXHQFKLQJZLWKVHPLIXVLRQRUWRWKHKLJKWHPSHULQJWKDWKRPRJHQL]HVWKHVWUXFWXUHZLWKVOLJKWO\
LQFUHDVLQJRIJUDLQVL]H7KHVLPLODUWKHUPDOF\FOHGRHVQRWLQIOXHQFHWKHVWUXFWXUHRIQLFNHOVXSHUDOOR\
)XVLQJ]RQHRIVWHHOQLFNHOPDWHULDOUHSUHVHQWVFROXPQDUGHQGULWLFVWUXFWXUHILJF,QWKHH[SHULPHQWVRI
OD\HUE\OD\HURUDORQJVLGHFODGGLQJWKHHOHPHQWFRQWHQWZDVGHSHQGHGRQWKHGLOXWLRQ)RUWKHPXOWLWUDFNVDPSOHV
ZKHUHWKHGLOXWLRQZDVVPDOOWKHLQWHUPL[LQJZDVVPDOOILJEDQGIRUWKHZDOOVDPSOHVWKHLQWHUPL[LQJZDVKLJK
DVZHOODV WKHGLOXWLRQ]RQHZDVJUHDW ILJD7KHZDOOVDPSOHVUHSUHVHQWYHUWLFDOFROXPQDUGHQGULWLFVWUXFWXUH
VLQFH WKHFRROLQJZDV WKURXJKWKHERWWRPZDOO ,WDOVR LPSOLHVPXOWLSOHKHDWVGXULQJFODGGLQJRIXSSHU OD\HUVDQG
KHDWDFFXPXODWLRQ
)RUERWKPDWHULDOVSRURVLW\DQGFUDFNLQJVXVFHSWLELOLW\ZHUHQRWREVHUYHG6LQFHWKHSURFHVVZDVFRQGXFWHGLQWKH
VKLHOGLQJDWPRVSKHUHWKHFRQWDPLQDWLRQRIWKHPHOWSRROE\WKHDLUJDVHVZDVNHSWWRDPLQLPXP)RUERWKPDWHULDOV
WKHHPEULWWOHPHQWLVQRWW\SLFDO

D E
)LJ7KHLQWHUIDFH]RQHRIELPHWDOVWHHOQLFNHOREMHFWDDQRSWLFDOPLFURSKRWRJUDSKRIWKHZDOOVDPSOHE6(0LPDJHRILQWHUIDFH
3.4. Element composition 
7KHHOHPHQWDQDO\VLVRIWKHHDFKFODGGHGPDWHULDOVKRZHGDOPRVWLQLWLDOFRPSRVLWLRQ7KHVLGHYLHZRIWKHVWHHO
VDPSOHV SUHVHQWHG WKH ³JROG´ FRORXU WKDW FRXOG EH DWWULEXWHG WR WKH WLWDQLXP VHJUHJDWLRQ WR WKH VXUIDFH DQG LWV
QLWULGLQJE\WKHDLU7KH6(0(';VWXG\GLGQRWUHYHDODQ\FKDQJHVDW WKHFORVHWR WKHVLGHVXUIDFH]RQHVEXW LW
1LFNHOVXSHUDOOR\
6WDLQOHVVVWHHO
1LFNHO
VXSHUDOOR\
6WDLQOHVV
VWHHO
'DUNILHOG 2EOLTXHLOOXPLQDWLRQ 2EOLTXHLOOXPLQDWLRQ
,QWHUIDFH
1LFNHO
VXSHUDOOR\
,QWHUIDFH
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VKRXOGEHQRWHGWKDWWKHHOHFWURQVSRWZDVDERXWKXQGUHGVRIQP$SSDUHQWO\WKHVHJUHJDWLRQGLGQRWLQIOXHQFHWR
WKHRYHUDOOHOHPHQWFRPSRVLWLRQRIWKHVDPSOHDQGVXUIDFHIXQFWLRQDOLW\7KHHOHPHQWDQDO\VLVDORQJWKHZDOOZDV
GRQHILJWKDWGHWHUPLQHGWKHLQWHUIDFHGLPHQVLRQRIDERXWWRP
3.5. Hardness 
7KHKDUGQHVVDQDO\VLVZDVGRQHLQRUGHUWRHYDOXDWHWKHPHFKDQLFDOSURSHUWLHVRIWKHFODGV7KHZDOOVDPSOHZDV
DQDO\VHGDORQJ WKHKHLJKW ILJZLWK WKH IROORZLQJ UHVXOWV+9RIQLFNHO VXSHUDOOR\+9RI WKH
VWHHODQGDERXW+9RIWKHVXEVWUDWH
$OO WKH WUDFNVZHUH DQDO\VHG DVZHOO7KHPD[LPXPKDUGQHVVRI VWHHOPDWHULDOZDV+9 DQGRIQLFNHO
DOOR\ZDV+97KHGLIIHUHQFHLQWKHYDOXHVFRXOGEHDWWULEXWHGWRWKHGLIIHUHQWSKDVHV,WFRXOGEHSRLQWHG
WKDWWKHVWDLQOHVVVWHHOLQWKH+$=KDVLQFUHDVHGPLFURKDUGQHVVDSSDUHQWO\GXHWRWKHVSHFLILFKHDWWUHDWPHQW


)LJ(OHPHQWGLVWULEXWLRQDWWKHLQWHUIDFHRIVWHHOQLFNHOELPHWDO )LJ0LFURKDUGQHVVRIWKHZDOOVDPSOH
 LV)H LV1L LV&UZRPDUNLV7L
&RQFOXVLRQ
,QWKLVVWXG\ WKHPXOWLPDWHULDOELPHWDOVWUXFWXUHVIURPVWDLQOHVVVWHHODQGQLFNHOVXSHUDOOR\ZDVPDQXIDFWXUHG
DQGWKHFRQGLWLRQVRIDGGLWLYHODVHUFODGGLQJZHUHLQYHVWLJDWHG7KHDFKLHYHGWKLFNQHVVRIWKHELPHWDOZDOOZDV
PP DQG WKH LQWHUIDFH ]RQHZDV OHVV WKDQP7KH WHFKQRORJ\ DVSHFWPLFURVWUXFWXUHV HOHPHQW DQDO\VLV DQG
KDUGQHVVDQDO\VLVZDVGRQHWRFKDUDFWHUL]HWKHVDPSOHV7KHPDLQFRQFOXVLRQVFRXOGEHDVVHPEOHGDVIROORZV
x WKHEHWWHUSRZHUFRQWUROUHJLPHLVQHHGHGIRUH[DPSOHSXOVHSHULRGLFUHJLPHRIODVHU
x VRPH SDLUV RI FRPELQHG SDUDPHWHUV DQG WKHUPRG\QDPLF FKDUDFWHULVWLFVZHUH SURSRVHG WR LQYHVWLJDWH WKH
SURFHVVSDUDPHWHUVRSWLPL]DWLRQ
x RSWLPXP FODGGLQJ SURFHVV SDUDPHWHUV IRU SRZGHUV ZLWK VLPLODU WKHUPDO DQG GLPHQVLRQDO SURSHUWLHV DUH
VLPLODUEXWWKHUHVXOWLQJFODGVDQGFODGGDELOLW\DUHGLIIHUHQW
x WKHSRZHUSOD\VGRPLQDQWUROHLQWKHSURFHVVSDUDPHWHUVRIODVHUFODGGLQJWKDWZDVPRUHHYLGHQWZLWKKLJK
SRZHUGHQVLW\EHDP
x GXULQJ WKH'REMHFWVPDQXIDFWXULQJRI WKLQZDOOHGVWUXFWXUHV LW LV UHTXLUHG WRXVH WKHTXDOLW\FULWHULDRI
WKLQZDOOHGREMHFWLQUHJDUGRILWVWKHUPDOVWDWH
1LFNHO
VXSHUDOOR\
6WDLQOHVV
VWHHO
D6XEVWUDWH
,QWHUIDFH
,QWHUIDFH
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x LQVRPHFDVHVGXULQJWKHFODGGLQJWKHWUDFNVHDFKWRRWKHUWKHGHFUHDVLQJRISRZGHUIHHGLQJUDWHLVQHHGHG
GXHWRFKDQJHVLQSRZGHUGLVWULEXWLRQFRQGLWLRQV
7KH IXWXUH ZRUNV VKDOO EH LQWHQGHG WR LPSURYH WKH SURFHVV SDUDPHWHUV LQ WHUPV RI RYHUKHDWLQJ RI PDWHULDO
SRZGHU IHHGLQJ GLVWULEXWLRQ DQG LQIOLJKW PHOWLQJ WR FRQWURO WKH SURFHVV E\ RSWLFDO GLDJQRVWLF PHDQV DQG WR
LQYHVWLJDWHWKHVROXWLRQRQWKHSURFHVVVWDELOL]DWLRQ

$FNQRZOHGJHPHQWV

7KLVZRUNKDVEHHQILQDQFHGE\WKH0LQLVWU\RI(GXFDWLRQDQG6FLHQFHRIWKH5XVVLDQ)HGHUDWLRQLQWKHIUDPHRI
JRYHUQPHQWDOWDVNLQWKHILHOGRIVFLHQWLILFDFWLYLWLHVWDVNRUGHU1R.7KHDXWKRUVDUHGHHSO\JUDWHIXO
WR'U3URI*XVDURYZKRVHVXJJHVWLRQVDQGGLVFXVVLRQKDGVLJQLILFDQWHIIHFWRQTXDOLW\RIWKLVZRUN

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